In this study, we investigated the optical, magnetic, and electrical transport properties of Si 1-x Mn x (0.1 < x < 0.9) single crystals grown by the vertical Bridgman method. The alloys with a Mn concentration of up to 64% demonstrated weak ferromagnetic ordering around T C = 30 K. The Si 0.25 Mn 0.75 and Si 0.18 Mn 0.82 alloys showed weak ferromagnetic ordering at 70 K and antiferromagnetic ordering at 104 K, as confirmed by magnetization, neutron diffraction, and transport studies.
Introduction
Cubic transition metal silicies MSi (M=Cr, Mn, Fe, Co) with a B20 structure have attracted the attention of a number of investigators because of their varied magnetic and transport properties [1] [2] [3] . For example, CrSi demonstrates paramagnetic (PM) behavior with essentially temperature-independent susceptibility [1] , FeSi exhibits unusual temperature-independent paramagnetic behavior [3] , and CoSi is diamagnetic with temperature-independent susceptibility [4] . Weak ferromagnetism appears in the solid solution between FeSi and CoSi [5] . MnSi in a zero magnetic field has a helical spin structure with a long period (180 Å) in the ordered state below a T C of about 29 K [6, 7] . The helical spin state was observed to change into an induced ferromagnetic (FM) spin state by external magnetic fields. The induced ferromagnetic moment of 0.4 μ B per Mn at 6.2 kOe is much smaller than the effective magnetic moment of 1.4 μ B per Mn determined from the Curie constant in the paramagnetic region [8, 9] . Currently, little is known about Mn composition-dependent magnetic and transport properties. In this work, we investigated the magnetic and electrical transport properties of Si 1-x Mn x single crystals. The alloys with a Mn concentration up to 64% demonstrated weak ferromagnetic ordering around a T C of ~30 K, while Si 0.25 Mn 0.75 and Si 0.18 Mn 0.82 alloys showed weak ferromagnetic ordering at 70 K and antiferromagnetic (AFM) ordering at 104 K, as confirmed by magnetization, electrical transport, and neutron diffraction studies.
Experiment
The Si 1-x Mn x single crystals were grown in a double furnace using the vertical Bridgman method with Si(6N) and Mn(4N) elements. The elements were put into an ampoule which had a capillary bottom in order to grow only one seed after the inside wall of the quartz ampoule was coated with carbon. Then, the ampoule was evacuated and sealed under a pressure of ~10 The composition and homogeneity of the grown single crystals were evaluated by an electron probe microanalyzer (EPMA-1400, SHIMADZU), inductively coupled plasma (ICP-Atomscan25, Thermo Jarrell Ash), and energy dispersion spectra (EDS, FE-SEMJSM6500F, Japan). Laue and X-ray diffraction (XRD) studies were performed in order to characterize the Si 1-x Mn x crystal structure. For the structural and magnetic analysis, neutron diffraction was conducted using a highresolution powder diffractometer (HRPD of HANARO at the Korea Atomic Energy Research Institute) with a Ge (331) monochromator and a neutron wavelength of λ = 1.834 Å, while a closed-cycle refrigerator (CCR) was used to control the temperature from 10 to 300 K. The optical absorption measurements were performed at room temperature with a UV VIS-NIR U-3501 (Hitachi) spectrophotometer in the spectral range of 0.47 to 6.2 eV. The absorption coefficients (α) for the Si 1-x Mn x crystal were calculated from the absorption spectra. The absorption coefficient was governed by the formula for allowed direct transition, (α·hν) 2~( hν~E g ), as the direct transition in this system was confirmed from the plot of (α·hν) 2 vs hν for various Mn compositions at 300 K. The values of the corresponding band gap energy (E g ) were estimated by extrapolation of the apparent linear region, revealing the existence of the direct band gap. In addition, the band gap measured by the absorption spectra at room [10] [11] [12] . The decrease of the energy gap with increasing Mn content may be due to an increase in the lattice constant.
Results and Discussion
The magnetic and transport properties were studied using a magnetic property measurement system (MPMS, Quantum Design, Inc.) and a physical property measurement system (PPMS, Quantum Design, Inc.), respectively. Fig. 3 . Plots of (α·hν) 2 vs. the photon energy for Si 1-x Mn x crystals at 300 K. The extrapolated straight line from the straight portion was used to determine the value of E g . Fig. 4(a) . This result indicates that the spinspin interactions should become enhanced by the addition of Mn. The magnetization of the crystals with 0.1 < x < 0.7 shows a transition at 30 K and decreases rapidly with increasing temperature. The obtained transition temperature of 30 K agrees well with the previous result for MnSi [6, 7] . However, for x=0.75 and 0.82, the data show two distinct transitions at 70 K and 104 K. Fig. 4(b) shows the reciprocal of the susceptibility, χ −1 , vs. T for the Si 1-x Mn x crystals with x=0.64 and 0.82. From the Curie-Weiss law fitting of the inverse susceptibility, it was confirmed that the transition temperature at 70 K is the Curie point (T C ) for a ferromagnetic state. The magnetic field dependent M-T curves for x=0.82 are shown in Fig. 4(c) . Transition points around 70 and 104 K are observed under low magnetic fields of 0.01 and 0.1 T. However, for H > 0.1 T, the cusp near 104 K disappeared. Therefore, the shape of the second transition curve (104 K) looks like a Neel temperature (T N ) [13] .
In Fig. 4(d) and (e), the magnetization loops show hysteric behavior, indicating that the Si 1-x Mn x single crystal is ferromagnetic between 5 K and 70 K. The average magnetic moments per Mn at 5 K determined from the saturated magnetizations are 0.05, 0.10, 0.18, 0.21, 0.33, and 0.40 μ B for x=0.17, 0.31, 0.49, 0.64, 0.75, and 0.82, respectively. Note that the magnetic moment per Mn (0.18 μ B ) for x=0.49 is lower than the previously reported value of 0.4 μ B [8] . If we consider the Mn-spin, the average magnetic moment of transition metal impurities is expected to be much lower. These results indicate that the samples formed a secondary phase. However, it is remarkable that, with the Mn addition, the magnetic moment increased. Fig. 5 shows the temperature dependence of the neutron diffraction of Si 0.18 Mn 0.82 . The magnetic peak intensity decreased with increasing temperature. The intensities of the magnetic peaks decreased with increasing temperature and disappeared above 70 K. This result shows that the phase transition occurs around 70 K, which is in good agreement with our magnetization data. We also investigated the transport properties of the samples. The carrier type (sign) and concentration were determined from Hall measurements. The samples with 0.17 ≤ x ≤ 0.64 showed n-type conduction, while samples with 0.75 ≤ x ≤ 0.82 demonstrated p-type conductivity at 300 K, as determined using the relation n H = −1/(eR H ). The effective carrier densities at 300 K were 8.78 × 10 We measured the temperature dependence of the electrical resistivity (ρ) for x = 0.17, 0.31, 0.64, and 0.82, as shown in Fig. 6 . For x < 0.7, a slope change in the resistivity is observed at 30 K, corresponding to a ferromagnetic-paramagnetic phase transition, which is in good agreement with the magnetization data. For x > 0.7, the resistivity increased monotonically for temperatures up to 70 K and then decreased up to 104 K before increasing again. The two distinct slope changes at about 70 and 104 K correspond to the FM-AFM and AFM-PM transition temperatures in the M-T measurements, respectively. These resistivity changes at the phase transitions are presumably due to changes in the spin-flip scattering rates at the FM-AFM and AFM-PM transitions. Compared to the magnetization measurements, which can also include local effects, such as magnetic impurity clusters, resistivity data provides an alternate technique to study the transition, which is averaged over the entire sample. Thus, the temperature dependent resistivity results strongly support the presence of phase transitions (FM-AFM and AFM-PM) at 70 and 104 K, respectively.
Conclusion
We investigated the magnetic and transport properties of Si 1-x Mn x single crystals by applying the vertical Bridgman method. The Si 1-x Mn x single crystals were ferromagnetic up to 70 K. The average magnetic moment was 0.40 μ B /Mn at 5 K for the Si 0.18 Mn 0.82 crystal. Even though the measured magnetic moment per Mn atom at 0.7 T was very low for Si 1-x Mn x with a high value of x, the magnetic moment increased with Mn addition. The transport properties of Si 1-x Mn x with a large value of x were found to be similar to the magnetic properties.
